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Summary of R e s u l t s  f r o m  t h e  IMP-I 
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Space S c i e n c e s  D i v i s i o n  

NASA-Goddard Space F l igh t  C e n t e r  
G r e e n b e l t  , Maryland 

and  

John M. Wilcox 
Space S c i e n c e s  L a b o r a t o r y  
U n i v e r s i t y  of C a l i f o r n i a  

B e r k e l e y ,  C a l i f o r n i a  yep  ,p78/0 
Abstract: The first I n t e r p l a n e t a r y  M o n i t o r i n g  P l a t f o r m ,  

IMP-1,was l aunched  on N o v e m b e r  2 7 ,  1963 w i t h  a n  apogee of 

31. 7 Re. 

of t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  , t he  magnetosphere 

I t  has p r o v i d e d  the first a c c u r a t e  measurements 

boundary and  t h e  co l l  i s i o n l e s s  magnetohydrodynamic shock 

wave associated w i t h  t h e  solar wind i n t e r a c t i o n  w i t h  t h e  

geomagnet ic  f i e l d .  Measurements w e r e  made f r o m  the  s u b s o l a r  

p o i n t  t o  t h e  n i g h t t i m e  magnet ic  t a i l  and  i n c l u d e d  a mapping 

of t h e  E a r t h ' s  magnet ic  f i e l d  w i t h i n  t h e  magnetosphere.  The 

e x p e r i m e n t a l  d e t e c t i o n  of an extended  magnet ic  t a i l  on t h e  

n i g h t t i m e  side of the  E a r t h  and the e n c l o s e d  m a g n e t i c a l l y  

n e u t r a l  s h e e t  r e p r e s e n t s  the most r e c e n t  i m p o r t a n t  r e s u l t  

w i t h  r e s p e c t  t o  t h e  E a r t h ' s  o u t e r  magnet ic  f i e l d .  T h i s  paper 

p r e s e n t s  a summary of the r e s u l t s  of t h e s e  detailed measure- 

ments  and  the e x p e r i m e n t a l  data y i e l d i n g  the i n t e r p r e t a t i o n  



of t h e s e  v a r i o u s  phenomenon. P r e v i o u s  r e p o r t s  o n  t h e  

i n i t i a l  r e s u l t s  of t h e  magnet ic  f i e l d  are expanded upon 

and  t h e  magnet ic  f i e l d  t o p o l o g i e s  b o t h  i n  i n t e r p l a n e t a r y  

s p a c e  and  w i t h i n  t h e  magnetosphere are d i s c u s s e d .  

The average  d i r e c t i o n  of the  i n t e r p l a n e t a r y  f i e l d  is 

approx ima te ly  140° east of t h e  Earth-Sun l i n e  or 60° w e s t  

of t h e  Sun. The magne t i c  f i e l d  v e c t o r  g e n e r a l l y  l i e s  close 

t o  t h e  p l ane  of  t h e  e c l i p t i c  b u t  w i t h  a s t a t i s t i c a l  d i s t r i b u t i o n  

approx ima te ly  20° southward  from t h e  e c l i p t i c  p l a n e .  

i n t e r p l a n e t a r y  r e s u l t s  c o n f i r m  t h e  g e n e r a l  Archimedean s p i r a l  

s t r u c t u r e  of the i n t e r p l a n e t a r y  magne t i c  f i e l d .  T h i s  is a 

d i r e c t  r e s u l t  of t h e  r a d i a l  f l u x  of ionized gas from t h e  

solar  corona by supe r -Al fvkn ic  magnetohydrodynamic expans ion  

as p r e d i c t e d  by P a r k e r .  

The 

The i n t e r a c t i o n  of  t h e  supe r -Al fvgn ic  plasma f l o w  f ram 

t h e  Sun w i t h  t h e  geomagnetic f i e l d  leads t o  t h e  development 

of a de t ached  bow shock  wave and  a t u r b u l e n t  t r a n s i t i o n  region 

i n  which t a n g l e d  a n d  r a p i d l y  f l u c t u a t i n g  magne t i c  f i e l d s  are 

o b s e r v e d .  The t r a n s i t i o n  region is bounded a t  t h e  s t a g n a t i o n  

p o i n t  by t h e  c o l l i s i o n l e s s  shock wave a t  1 3 . 4  Re and  by t h e  

magnetosphere boundary a t  10 .2  Re. 

significant r andomiza t ion  of t h e  magnetic f i e l d  d i r e c t i o n  n e a r  

t h e  s t a g n a t i o n  p o i n t  and a development  of ordered m a g n e t i c  

f i e l d s  of approx ima te ly  5 t o  20 gammas on the f l a n k s  of  t h e  

magnetosphere.  The shape  of t h e  magnetosphere is found t o  be 

The r e s u l t s  i nd ica t e  a 
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r o u g h l y  c y l i n d r i c a l e  i n  shape, d i a m e t e r  = 44 Re, w i t h  a 

h e m i s p h e r i c a l  cap w i t h  a r a d i u s  of c u r v a t u r e  of a p p r o x i m a t e l y  

14 Re. 

Detailed mapping of the E a r t h ' s  magne t i c  f i e l d  on the  

n i g h t t i m e  s ide  of t h e  E a r t h  has revealed the development  

of a s i g n i f i c a n t  magne t i c  t a i l  which does n o t  co-rotate w i t h  

the E a r t h .  The magne t i c  l i n e s  of force on the  n i g h t t i m e  s ide  

of the  E a r t h  c o r r e s p o n d i n g  to  L v a l u e s  of less t h a n  a p p r o x i m a t e l y  

8 a p p e a r  t o  co-rotate w i t h  the E a r t h  w h i l e  the development 

w i t h i n  t h e  magne t i c  t a i l  of a large sheet-like m a g n e t i c a l l y  

n e u t r a l  s u r f a c e  is a r e s u l t  of t h e  p r o x i m i t y  of l i n e s  of 

force o p p o s i t e l y  directed. These are i n f e r r e d  t o  be d i r e c t l y  

connec ted  t o  t h e  polar c a p  r e g i o n s .  S i g n i f i c a n t  t i m e  

v a r i a t i o n s  of the  magnet ic  f i e l d  i n  t h e  t a i l  of the  E a r t h  are 

i n  o p p o s i t i o n  w i t h  the  solar phase of the  geomagnet ic  sudden 

commencenent storms. Thus the t a i l  a p p e a r s  t o  p l a y  a dominate  

role  i n  v a r i o u s  terrestrial phenomenon. The n e u t r a l  sheet 

is p o p u l a t e d  w i t h  e n e r g e t i c  e l e c t r o n s  which may be t h e  s o u r c e  

of r a d i a t i o n  l e a d i n g  t o  a u r o r a l  d i s p l a y s  and  t h e  Van A l l e n  

r a d i a t i o n  belts. 
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i 
1 .O I n t r o d u c t i o n  I 

The I n t e r p l a n e t a r y  Moni tor ing  Platform IW-I, t h e  

first i n  a series of s a t e l l i t e s  m o n i t o r i n g  t h e  i n t e r p l a n e t a r y  

m e d i u m  i n  c i s l u n a r  space, w a s  l aunched  on Nov. 27 ,  1963. The 

satell i te carried i n s t r u m e n t s  to pe r fo rm d e t a i l e d  measure- 

ments  of magnet ic  f i e l d s ,  plasmas,  e n e r g e t i c  p a r t i c l e s  and  

solar  a n d  galactic cosmic r a y s .  A number of p u b l i c a t i o n s  

on t h e  i n i t i a l  r e s u l t s  of the magnet ic  f i e l d  expe r imen t  

have  a l r e a d y  appea red  ( N e s s  et,al.,  1964; N e s s  and  Wilcox, 

1964; N e s s ,  1965a, 1965b; N e s s  and Wilcox, 1965a, 196513). 

I n  a d d i t i o n  p u b l i c a t i o n s  p r e s e n t i n g  t h e  r e s u l t s  of o t h e r  

e x p e r i m e n t s  carried onboard t h e  sa te l l i te  have  also 

appeared i n  the  l i t e r a t u r e  (Anderson e t .a l . ,  1965; 

Balasubrahmanyan e t .a l . ,  1965; B r i d g e  e t . a l . ,  1965; Fan e t .  

a l . ,  1964; McDonald and  Ludwig, 1964; S e r b u ,  1965) I t  is the  

purpose  of t h i s  p a p e r  t o  b r i e f l y  summarize and  r ev iew the  

s i g n i f i c a n t  r e s u l t s  of the magnet ic  f i e l d  expe r imen t  and  

t o  p r e s e n t  c e r t a i n  new aspects of the e x p e r i m e n t a l  measure- 

ments  and  t h e i r  i n t e r p r e t a t i o n .  T h i s  i n t r o d u c t o r y  s e c t i o n  

W i l l  r e v i e w  p e r t i n e n t  characterist ics of t h e  IMP-I sa te l l i t e  

o r b i t  as a f u n c t i o n  of time and p r e s e n t  a brief summary of 

t h e  i n i t i a l  r e s u l t s  t o  set the framework w i t h i n  which the 

rema inde r  of t h e  pape r  shall be p r e s e n t e d ,  

The i n i t i a l  apogee of the satel l i te  w a s  on t h e  s u n l i t  

s ide Of t h e  E a r t h  a t  a n  Earth-Sun a n g l e  of a p p r o x i m a t e l y  33O 
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West of t h e  Sun a t l a  geocentric d i s t a n c e  of 197,616 

kilometers = 31.7 Re (Re = E a r t h  Radius)  a n d  a n  i n i t i a l  

p e r i g e e  Of 192 k i l o m e t e r s .  The p e r i o d  of t h i s  h i g h l y  

e c c e n t r i c  o r b i t  is 93.5 h o u r s .  I n t e r p r e t a t i o n  of t h e  

r e s u l t s  f r o m  t h e  IMP-I sa t e l l i t e  w a s  i n i t i a l l y  per formed 

by t r a n s f o r m i n g  a l l  data o b t a i n e d  i n t o  a solar  e c l i p t i c  

c o o r d i n a t e  sys tem.  T h i s  is because  t h e  i n t e r a c t i o n  of t h e  

solar  wind w i t h  t h e  geomagnet ic  f i e l d  shows a s t r o n g  day- 

n i g h t  asymmetry w i t h  a p p a r e n t  c y l i n d r i c a l  symmetry a b o u t  

t h e  Earth-Sun l i n e .  The g e o c e n t r i c  solar e c l i p t i c  

c o o r d i n a t e  sys t em is d e f i n e d  by a n  X-axis d i r e c t e d  f r o m  

t he  E a r t h  t o  t h e  Sun, t h e  Y-axis i n  t h e  p l a n e  of t h e  e c l i p t i c  

and  t h e  Z-axis p o i n t i n g  towards  t h e  n o r t h  e c l i p t i c  p o l e .  

I n  t h i s  c o o r d i n a t e  s y s t e m ,  t h e  a p p a r e n t  mot ion  of t h e  s a t e l l i t e  

apogee is o n e  of  w e s t w a r d  p r e c e s s i o n  of 4 / o r b i t  as the  0 

E a r t h  moves a b o u t  the Sun. 

I n  f i g u r e  1 is  shown the v a r i a t i o n  of  t h e  apogee of  

t h e  s a t e l l i t e  i n  s o l a r  e c l i p t i c  coordinates.  The a n g l e  8, 

is d e f i n e d  a s  t h e  solar e c l i p t i c  l a t i t u d e  and t h e  a n g l e  @a 

as  t h e  s o l a r  e c l i p t i c  l o n g i t u d e  of s a t e l l i t e  apogee.  The 

measurements of t h e  m a g n e t i c  f i e l d  i n  s p a c e  w i l l  a l s o  be 

p r e s e n t e d  i n  t h e  s o l a r  e c l i p t i c  c o o r d i n a t e  sys t em w i t h  8 a n d  

@ d e f i n i n g  t h e  d i r e c t i o n  of the  f i e l d  w i t h  magni tude F. As 
shown i n  F i g u r e  1 t h e  u s e f u l  l i f e t i m e  of the  s a t e l l i t e  
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ex tended  ove r  a p e r i o d  of approximate ly  6 months w h i l e  

sa te l l i te  apogee v a r i e d  from a solar e c l i p t i c  l o n g i t u d e  

of 335O t o  1 5 5 O .  T h i s  permitted mapping of t h e  boundary 

of t h e  geomagnet ic  f i e l d  formed by t h e  i n t e r a c t i o n  w i t h  

t h e  solar wind from t h e  s u b s o l a r  p o i n t  th rough the s u n r i s e  

t e r m i n a t o r  a n d  far i n t o  the n i g h t t i m e  region of t h e  E a r t h .  

As shown i n  F i g u r e  2,  apogee w a s  s u f f i c i e n t l y  h i g h  

so t h a t  d u r i n g  t h e  f i rs t  21 o r b i t s  of t h e  sa te l l i t e  d i r e c t  

measurements of the  i n t e r p l a n e t a r y  m e d i u m  w e r e  possible 

which w e r e  n o t  affected by t h e  p r e s e n c e  of the  E a r t h  a n d  its 

magnet ic  f i e l d  i n  t h e  s u p e r s o n i c  f l o w  of t h e  solar wind .  

Fol lowing  o r b i t  2 1  measurements i n  c i s l u n a r  s p a c e  w e r e  

l i m i t e d  t o  t h a t  p o r t i o n  a s s o c i a t e d  w i t h  t h e  i n t e r a c t i o n  of 

t h e  solar wind w i t h  t h e  geomagnetic f i e l d .  F i n a l l y  

subsequen t  t o  orbit  31 the  measurements were performed w h i l e  

t he  satell i te w a s  comple t e ly  e n c l o s e d  w i t h i n  the  dis tor ted 

geomagnet ic  f i e l d .  As s e e n  i n  F i g u r e  2 t he  s p a c e  su r round ing  

the  E a r t h  is 

regions : 

1. The 

2.  t h e  

3. t h e  

t h e  

d i v i d e d  i n t o  three characteristic p h y s i c a l  

i n t e r p l a n e t a r y  medium, . 
t u r b u l e n t  t r a n s i t i o n  r e g i o n  and 

magnetosphere or d i s to r t ed  geomagnetic f i e l d  of 

E a r t h .  
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These t h r e e  reg ions  are s e p a r a t e d  from e a c h  o t h e r  by t w o  

c h a r a c t e r i s t i c  b o u n d a r i e s  : 

1. The c o l l i s i o n l e s s  magnetohydrodynamic shock  wave 

(Axford,  1962;  H a r r i s o n ,  1962;  and  K e l l o g g ,  1962) and 

2 . .  t h e  magnetosphere boundary or  magnetopause.  

Repeated t r a v e r s a l s  of these t w o  b o u n d a r i e s  by IMP-I have  

y i e l d e d  e x t e n s i v e  measurements d e f i n i n g  the i r  p h y s i c a l  

p r o p e r t i e s  and  have p e r m i t t e d  t h e  geometrical d e s c r i p t i o n  

and  p h y s i c a l  s e p a r a t i o n  of c i s l u n a r  s p a c e  i n t o  t h e s e  t h r e e  

c h a r a c t e r i s t i c  r e g i o n s .  

The i n t e r p l a n e t a r y  medium is characterized by a weak 

magnet ic  f i e l d  o f  a p p r o x i m a t e l y  5.1 gammas a v e r a g e  magnitude 

embedded w i t h i n  a r a d i a l  plasma f l u x  emi t t ed  from the  s u r f a c e  

of  t h e  Sun which is referred t o  as the solar wind (Pa rke r ,1958>  

A t  t h e  E a r t h ' s  d is tance of 1 A.U. (As t ronomica l  Un i t )  the  

plasma shows f l o w  v e l o c i t i e s  between 300 t o  700 k i l o m e t e r s /  

sec and d e n s i t i e s  between 2 t o  20 p r o t o n s / c u b i c  c e n t i m e t e r .  

The d i r e c t i o n  of t h e  magnet ic  f i e l d  is v a r i a b l e  b u t  t h e  

magnitude is i m p r e s s i v e l y  c o n s t a n t  o v e r  l o n g  p e r i o d s  of  t i m e  

so t h a t  S F / @  5 0.1. A g e n e r a l  Archimedean s p i r a l  s t x u c t u r e  

has been obse rved  i n  t h e  i n t e r p l a n e t a r y  f i e l d  which can  be 

c o r r e l a t e d  w i t h  t h e  r o t a t i o n a l  p e r i o d  of t h e  Sun and  hence  

c o r o t a t e s  w i t h  t h e  Sun and  is s u g g e s t e d  t o  be of solar  o r i g i n .  

The t r a n s i t i o n  r e g i o n  is obse rved  t o  be a t u r b u l e n t  

t h e r m a l i z e d  a n d  magnetized plasma w i t h  f i e l d  s t r e n g t h s  v a r y i n g  
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between 5 and  20 gammas a n d  f l u c t u a t i o n s  o v e r  short  time 

scales of 10 to  20 gammas. No periodic wave forms are 

r e a d i l y  d i s c e r n i b l e  i n  the data and  the f i e lds  are t h u s  

described as  tangled or randomly o r i e n t e d , ,  A thermalized 

plasma is observed n e a r  t h e  s t a g n a t i o n  p o i n t  of the solar 

wind f l o w  i n  which the spec t rum is c o n s i d e r a b l y  broadened  

a n d  the d e n s i t y  i n c r e a s e s  b y  a factor of a p p r o x i m a t e l y  8 

(Br idge  e t .a l . ,  1965 ).  The solar wind is found  t o  resume 

a s u p e r s o n i c  f l o w  c o n d i t i o n  a round the f l a n k s  of the 

magnetosphere.  

The measurements of the d i s t o r t e d  geomagnet ic  f i e ld  

OD t h e  n i g h t  side of t h e  E a r t h  r e v e a l  t he  e x t e n s i o n  of t h e  

geomagnet ic  f i e l d  far  beh ind  t h e  E a r t h  fo rming  a magnet ic  

t a i l .  Embedded w i t h i n  t h i s  magnet ic  t a i l  has been d i s c o v e r e d  

a m a g n e t i c a l l y  n e u t r a l  s u r f a c e  s e p a r a t i n g  r e g i o n s  of o p p o s i t e l y  

d i r e c t e d  f i e l d s  over a t h i n  p l a n a r  r e g i o n  of s p a c e .  This is 

referred t o  as a n e u t r a l  sheet and  c a n  be correlated w i t h  

i n c r e a s e d  particle f l u x e s  i l l u s t r a t i n g  a b a l a n c e  between f i e l d  

a n d  par t ic le  p r e s s u r e s .  

T h i s  p a p e r  is o r g a n i z e d  t o  p r e s e n t  first a summary of 

t h e  r e s u l t s  o b t a i n e d  while t h e  s a t e l l i t e  w a s  i n  i n t e r p l a n e t a r y  

s p a c e  beyond the  shock wave d u r i n g  o r b i t s  1 th rough  21. T a i s  

r e p r e s e n t s  the t i m e  i n t e r v a l  November 2 7 ,  1963 th rough  

F e b r u a r y  17, 1964 and co r re sponds  a p p r o x i m a t e l y  t o  three 

solar r o t a t i o n s ,  1784 through 1786. I n  g e n e r a l  solar 
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a c t i v i t y  h a s  remained a t  a l o w  l e v e l  t h r o u g h o u t  t h e  

e n t i r e  l i f e t ime  of t h e  sa te l l i t e .  T h i s  p a p e r  w i l l  n o t  

p r e s e n t  a d i s c u s s i o n  of a n y  storm t i m e  v a r i a t i o n s ,  e i t h e r  

of t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  or t h e  E a r t h ' s  magne t i c  

t a i l  f i e l d ,  Subsequent  p u b l i c a t i o n s  s h a l l  deal w i t h  t h e s e  

t r a n s i e n t  phenomenon i n  as comprehensive a t r e a t m e n t  as 

p o s s i b l e .  

2 . 0  I n t e r p l a n e t a r y  Magnet ic  F i e l d  R e s u l t s  

Subsequent  t o  t h e  e a r l y  s u g g e s t i o n s  b y  Biermann (1951) 

t h a t  t h e  Sun must be a c o n t i n u a l  s o u r c e  of a l o w  e n e r g y  

c o r p u s c u l a r  f l u x  or solar p lasma,  P a r k e r  (1960) deve loped  

t h e  t h e o r y  of t h e  solar wind. T h i s  described t h e  expans ion  

of t h e  s o l a r  c o r o n a l  gases i n t o  i n t e r p l a n e t a r y  s p a c e  a t  s u p e r  

A l f v & i c  VelocitY. A p a r t i c u l a r  d i s t i n g u i s h i n g  rescllt of 

P a r k e r ' s  model is t h e  t w i s t i n g  of solar p h o t o s p h e r i c  magnet ic  

f i e l d s  i n t o  a n  Archimedean s p i r a l  i n  t h e  e c l i p t i c  p l a n e  as 

a r e s u l t  of t h e  un i fo rm radial  f l u x  of  c o r o n a l  gases and  

t h e  r o t a t i o n  of t h e  Sun. T h i s  is i l l u s t r a t e d  i n  F i g u r e  3 for 

solar  wind v e l o c i t i e s  as t y p i c a l l y  measured i n  t h e  i n t e r -  

p l a n e t a r y  medium from 300 t o  900 kilometers/sec. (Snyder 

a n d  Neugebauer,  1964;  Bridge e t . a l . ,  1965) I t  is s e e n  t h a t  

t h e  a n g l e  8 o r  @'is a p p r o x i m a t e l y  135O or 315O r e s p e c t i v e l y .  

Thus t h e  d i r e c t i o n  of t h e  f i e l d  is a p p r o x i m a t e l y  4 5 O  w i t h  

r e s p e c t  t o  t h e  Earth-Sun l i n e .  T h i s  is a d i r ec t  r e s u l t  of t h e  

approximate  e q u a l i t y  of r a d i a l  v e l o c i t y  of so lar  plasma w i t 1 1  
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t h e  t a n g e n t i a l  v e l o c i t y  of a r a d i u s  v e c t o r  f i x e d  t o  t h e  

Sun and  r o t a t i n g  w i t h  a synodic  p e r i o d  of 27.3 days.  

The measurement of the magnet ic  f i e l d  on IMP-I w a s  

performed fo r  4.8 seconds  e v e r y  20.4 seconds  r e p e a t e d l y  

w i t h i n  a t e l e m e t r y  format for  a c o n s e c u t i v e  t o t a l  o f  12 

such  data p o i n t s .  These w e w  d i s t r i b u t e d  o v e r  a t i m e  

i n t e r v a l  of 5.46 minu tes  i n  t h e  t r a n s m i s s i o n  of i n fo rma t ion  

f r o m  t h e  sa te l l i te .  These measurements y i e l d e d  1 2  v e c t o r  

samples  of the i n t e r p l a n e t a r y  magnet ic  f i e l d .  I n d i v i d u a l  

o r t h o g o n a l  components of the v e c t o r  f i e l d  w e r e  averaged  

and  u s e d  t o  c o n s t r u c t  an ave rage  v e c t o r  magnet ic  f i e l d  for  

t h e  t i m e  i n t e r v a l  of 5.46 minutes .  The s t a t i s t i c a l  d i s t r i b u -  

t i o n  of the d i r e c t i o n  of the i n t e r p l a n e t a r y  magnet ic  f i e l d  

observed  by the  IMP-I sa t e l l i t e ,  when beyond t h e  shock wave, 

is shown i n  F i g u r e  4.  A broad b u t  n o n e t h e l e s s  d i s t i n c t  

peak i n  the d i r e c t i o n  of the f i e l d  is obse rved  a t  approx ima te ly  

the angle p r e d i c t e d  by Parker's uni form c o r o n a l  expans ion  

model. The l e f t - h a n d  side of F i g u r e  4 shows t h e  d i r e c t i o n  

of the i n t e r p l a n e t a r y  f i e ld  p r o j e c t e d  i n t o  the  p l a n e  o f  the 

e c l i p t i c ,  The r i g h t - h a n d  s ide  of t h e  f i g u r e  shows t h e  

d i r e c t i o n  of  the f i e l d  as  p r o j e c t e d  normal t o  the  p l a n e  of 

t h e  e c l i p t i c  and wi thou t  regard to  the  d i r e c t i o n  of the f i e l d  

i n  the  p l a n e  of t h e  e c l i p t i c .  Accompanying F i g u r e  4 is t h e  

magnitude d i s t r i b u t i o n  of the b t e r p l a n t a r y  magnet ic  f i e l d  

as shown i n  F i g u r e  5 .  It should be n o t e d  t ha t  e x t r e m e l y  
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s t r i n g e n t  r e q u i r e m e n t s  were p l a c e d  upon t h e  s a t e l l i t e  

exper iment  hardware t o  m i n i m i z e  t h e i r  magne t i c  p r o p e r t i e s .  

I n  a d d i t i o n  t h e  s a t e l l i t e  w a s  c o n s t r u c t e d  w i t h  l o n g  booms 

which s u p p o r t e d  the  magnetometer s e n s o r s  a t  remote d i s t a n c e s .  

These p rocedures  y i e l d e d  measurements  of f i e l d s  a c c u r a t e  

t o  + 1/4 gamma, t h e  m o s t  a c c u r a t e  i n  s p a c e  y e t  performed.  - 
I n d i v i d u a l  measurements a v e r a g e d  over 5.46  m i n u t e s  have  

been component ave raged  over a t i m e  i n t e r v a l  o f  1 hour .  

The s t a t i s t i c a l  d i s t r i b u t i o n  of the d i r e c t i o n  of t h e  i n t e r -  

p l a n e t a r y  magne t i c  f i e l d  on s u c h  a t i m e  scale  is shown i n  

F i g u r e  6 i n  t h e  same format as u s e d  i n  F i g u r e  4. The a v e r a g e  

d i r e c t i o n  c l o s e l y  p a r a l l e l s  t h a t  p roposed  by  Parker, as 

c l e a r l y  ev idenced  by t h e  closer and  more peaked d i s t r i b u t i o n  

a b o u t  t h e  t h e o r e t i c a l  a n g l e s .  Accompanying F i g u r e  6 is 

F i g u r e  7 which shows t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  

magnitude c o n s t r u c t e d  f r o m  t h e  h o u r l y  component a v e r a g e s .  

The average magnitude is s e e n  t o  be 4.5 gammas, a p p r o x i m a t e l y  

1/2 gamma l e s s  t h a n  t h a t  fo r  t h e  i n d i v i d u a l  v a l u e s .  T h i s  

i n d i c a t e s  t h a t  t h e  magne t i c  f i e l d  f l u c t u a t e s  i n  d i r e c t i o n  and  

magnitude a b o u t  t h e  a v e r a g e  s p i r a l  d i rec t ion  such  t h a t  the  

a v e r a g e  f i e l d  magnitude decreases as a v e r a g e s  e x t e n d  Over 

l o n g e r  t i m e  i n t e r v a l s .  

A d d i t i o n a l  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  i n t e r -  

p l a n e t a r y  magnet ic  f i e l d  are p r e s e n t e d  i n  F i g u r e s  8 ,  9 ,  and 

10. These show r e s p e c t i v e l y ,  t h e  d i r e c t i o n a l  d i s t r i b u t i o n  
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of t h e  3 hour compnnent ave rages  of t h e  i n t e r p l a n e t a r y  

magne t i c  f i e l d ,  t h e  ave rage  magnet ic  f i e l d  magnitude o v e r  

3 hour  i n t e r v a l s  and f i n a l l y  a magnitude ave raged  i n t e r -  

p l a n e t a r y  magnet ic  f i e l d  over the 3 hour  time i n t e r v a l .  

Figure 10 i l l u s t r a t e s  t h e  d i f f e r e n c e s  of a v e r a g i n g  t h e  

magnet ic  f i e l d  Components or magnitudes o v e r  d i f f e r e n t  

t i m e  i n t e r v a l s  by comparison w i t h  F i g u r e  9. The d e s c r i p t i o n  

of a v e c t o r  f i e l d  which is t i m e  v a r i a b l e  i n  both d i r ec t im  

and magnitude is a complex task s i n c e  simple component 

a v e r a g e s  atay r e p r e s e n t  an  average  v e c t o r  f i e l d  which does 

n o t  co r re spond  t o  one which t h e  "real" f i e l d  e v e r  showed. 

Thus i n  t h e  a n a l y s i s  of t h e  t i m e  changes of t h e  magnet ic  

f i e l d  d i r e c t i o n  which follows i n  s e c t i o n  3.0 r e c o u r s e  w a s  

a lways  made t o  the  o r i g i n a l  5.46 minute ave rages .  D i r e c t i o n a l  

h i s t o g r a m s  w e r e  t h e n  c o n s t r u c t e d  f o r  time i n t e r v a l s  of 3, 6, 

12, and 24 h o u r s  y i e l d i n g  c h a r a c t e r i s t i c  d i r e c t i o n s  f o r  i'-e 

f i e l d  r a t h e r  t han  t o  d i r e c t l y  ave rage  t h e  components of 

the magnet ic  f i e l d  s e p a r a t e l y  and thence t o  c o n s t r u c t  an 

a v e r a g e  f i e l d  d i r e c t i o n .  

The measurement of  5.1 gamma ave rage  magnitude f i e l d  

r o u g h l y  i n  t h e  p l a n e  of t h e  e c l i p t i c ,  b u t  w i t h  a s l i g h t  

southward component of t h e  f i e l d ,  and  d i r e c t e d  approx ima tc ly  

p a r a l l e l  t o  t h e  a n g l e  p r e d i c t e d  by P a r k e r  f o r  the f i e l d ,  

d r a m a t i c a l l y  conf i rm t h e  uniform c o r o n a l  expans ion  m o d e l  

proposed by h i m ,  a t  least  du r ing  t h e  years of the q u i e t  Sun. 

It s t r o n g l y  s u g g e s t s  t h e  Sun as t h e  o r i g i n  of t h e  i n t e r p l a n e t a r y  
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magnet ic  f i e l d  and  indeed i n  t h e  n e x t  s e c t i o n  t h i s  

argument w i l l  be developed  f u r t h e r  t o  i l l u s t r a t e  t h e  

c o n t i n u i t y  o f  f i e l d  l i n e s  from t h e  Sun o u t  t o  1 A.U. 

3.0 C o r r e l a t i o n  w i t h  t h e  P h o t o s p h e r i c  Magnet ic  f i e l d  

A s  shown i n  F i g u r e s  4 ,  6 and 8 t h e  d i r e c t i o n  of t h e  

f i e l d  can be a s s i g n e d  as e i t h e r  p o s i t i v e  or  n e g a t i v e  

depending upon whether  or n o t  t h e  f i e l d  a p p e a r s  t o  be 

d i r e c t e d  away from t h e  Sun or t o  be directed back towards 

t h e  Sun along t h e  s t r e a m i n g  angle.  Us ing  t h e  r ange  of @ 

i n d i c a t e d  i n  F i g u r e  4 as p o s i t i v e  or  n e g a t i v e ,  i t  is p o s s i b l e  

t o  a s s i g n  a +1  or -1 t o  e a c h  3 hour  i n t e r v a l  cove red  by the 

i n t e r p l a n t a r y  data on IMP-I. T h i s  t i m e  series of a l t e r n a t i n g  

v a l u e s  shows t h e  changes  i n  d i r e c t i o n  of t he  f i e l d  as  

measured a t  1 A.U.  by IMP-I. C o n s t r u c t i o n  of t h e  au to -  

c o r r e l a t i o n  f u n c t i o n  w i l l  r e v e a l  any  basic r e c u r r e n c e  

. t e n d e n c i e s  w i t h i n  t h i s  t i m e  series.  F i g u r e  11 p r e s e n t s  t h e  

normal ized  a u t o - c o r r e l a t i o n  of t h e  d i r e c t i o n  of t h e  i n t e r -  

p l a n e t a r y  magne t i c  f i e l d  a n d  t h e  r e s u l t s  show a s t a t i s t i c a l l y  

s i g n i f i c a n t  peak a t  a t i m e  i n t e r v a l  of a p p r o x i m a t e l y  27 days .  

S i n c e  t h i s  c o r r e s p o n d s  t o  the  solar s y n o d i c  r o t a t i o n  p e r i o d ,  

i t  is s t r o n g l y  s u g g e s t i v e  of a d i r e c t  c o n n e c t i o n  of t h e  

i n t e r p l a n e t a r y  magne t i c  f i e l d  w i t h  magnet ic  f i e l d s  o r i g i n a t i n g  

on the  Sun. 

I t  is p o s s i b l e  t o  d i r e c t l y  compare t h e  i n t e r p l a n e t a r y  

and  solar f i e l d s  by u t i l i z i n g  data o b t a i n e d  w i t h  t h e  solar 
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magnetograph a t  the Mount Wilson Obse rva to ry  i n  C a l i f o r n i a  

(Baboock, 1 9 5 3 ) - F i g u r e  12 i l lustrates  t h e  r e s u l t  f r o m  t h e  

solar magnetograph d u r i n g  the IMP-I lifetime which p r e s e n t s  

a mapping of t h e  p h o t o s p h e r i c  magne t i c  f i e l d  as  observed  

a t  c e n t r a l  mer id i an  passage  (CUP) on e a c h  day.  The magnitude 

of the  l i n e - o f - s i g h t  component of t h e  p h o t o s p h e r i c  magne t i c  

f i e l d  is measured by t h e  l o n g i t u d i n a l  Zeeman e f f e c t  on o n e  

of the Fe l i n e s  in t h e  solar spectrum. Consecu t ive  d a i l y  

measurements a t  CMP are c o m b i n e d  t o  produce a c o n t o u r  map 

which shows large areas on the s u r f a c e  of  the  Sun w i t h  magnet ic  

f i e lds  i n  t h e  photosphere  which are directed either out -of  

or i n t o  t h e  Sun. 

I n  a p r o c e s s  similar t o  t h a t  for t h e  i n t e r p l a n e t a r y  

data, a time series w a s  c o n s t r u c t e d  f o r  i n d i v i d u a l  l a t i t u d e  

bands of loo  width  

of t h e  f i e l d  w i t h i n  t h e  s u r f a c e  area of the  solar d i s k  

c o r r e s p o n d i n g  t o  a 1 2  hour  l o n g i t u d e  i n t e r v a l s  e q u i v a l e n t  to 

6.7O h e l i o g r a p h i c  l o n g i t u d e .  

s a m e  i n t e r v a l  as IMP-I i n  i n t e r p l a n e t a r y  s p a c e ,  i t  is 

p o s s i b l e  t o  c o n s t r u c t  a c r o s s - c o r r e l a t i o n  f u n c t i o n  between 

t h e  d i r e c t i o n s  of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  and 

t h e  p h o t o s p h e r i c  magnet ic  f i e l d .  This r e s u l t  is shown i n  

F i g u r e  13 in which a s t a t i s t i c a l l y  s i g n i f i c a n t  and coherent 

peak is shown fo r  t h r e e  s e p a r a t e  l a t i t u d e  bands across t h e  

solar d i s k .  The t i m e  lag of 4.5 days  is evidenced  which 

across the  Sun, by d e t e r m i n i n g  the d i r e c t i o n  

With a t i m e  series c o v e r i n g  t h e  
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c o r r e s p o n d s  t o  a t r a n s p o r t  v e l o c i t y  of l i n e s  of f l u x  by 

t h e  solar w i n d  t o  1 A . U .  of  a p p r o x i m a t e l y  385 k i l o m e t e r s / s e c .  

The u n c e r t a i n t y  i n  t h e  t i m e  l ag  c o r r e s p o n d s  t o  t h e  smallest 

u n i t  of t i m e  a v a i l a b l e ,  f - 1 2  h o u r s  so  t h a t  t h e  a v e r a g e  solar 

wind v e l o c i t y  from t h e  magne t i c  f i e l d  measurements  is 

i n f e r r e d  t o  be 385 + - 45 K m i s e c .  

t h i s  v e l o c i t y ,  340 Kdsec  is v e r y  close t o  t h e  d i r e c t  

The lower l i m i t  of 

measurement of t h e  s o l a r  wind v e l o c i t y  by t h e  MIT plasma 

probe  which y i e l d e d  a n  a v e r a g e  of  320 k i l o m e t e r s k s e c .  

(Br idge  e t . a l . ,  1965) .  

I n  a d d i t i o n  t o  i n v e s t i g a t i n g  t h e  solar  o r i g i n  of  t h e  

i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  by the  p r e v i o u s  method o f  

a n a l y s i s , i t  is a l s o  p o s s i b l e  t o  s u p e r p o s e  t h e  t i m e  v a r i a t i o n s  

i n  magnet ic  f i e l d  d i r e c t i o n  i n  a c i r c u l a r  epoch g r a p h  as 

shown i n  F i g u r e  14 .  I t  is s e e n  t h a t  t h e  d i r e c t i o n  of t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  is r e p e t i t i v e  on a t i m e  sca le  

of 27 days i n  a v e r y  dramatic f a sh ion  which r e v e a l s  t h e  

e x i s t e n c e  of 4 d i s t i n c t  sectors or f i l a m e n t s .  Wi th in  e a c h  

s e c t o r  t h e  m a g n e t i c  f i e l d  is directed e i ther  away-from or 

towards the Sun w i t h i n  t h e  e n t i r e  sector .  Three  of t h e  

s e c t o r s  have a t i m e  i n t e r v a l  of a p p r o x i m a t e l y  7 . 6  d a y s ,  w h i l e  

t h e  t h i r d  s e c t o r  shows a t i m e  i n t e r v a l  c o r r e s p o n d i n g  t o  

3 . 8  d a y s  a t  1 A.U. 

This  supe rposed  epoch char t  a l so  i l l u s t r a t e s  t h e  

charac te r i s t ic  g e o m e t r i c a l  c o n f i g u r a t i o n  o f  t h e  f i e l d  l i n e s  
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w i t h i n  t h e  i n t e r p l a n e t a r y  medium d u r i n g  t h r e e  solar 

r o t a t i o n s  of the q u i e t  Sun. As the Sun rotates,  t h i s  

sector s t r u c t u r e  sweeps p a s t  the E a r t h  and  changes  

associated w i t h  s p a t i a l  v a r i a t i o n s  w i t h i n  each sector can  

be associated w i t h  changes  on the s u r f a c e  of the E a r t h  

i n  magne t i c  f i e l d  a c t i v i t y  and cosmic r a y  v a r i a t i o n s .  

Shown i n  F i g u r e  15 is t h e  v a r i a t i o n  of t h e  p l a n e t a r y  m a g n e t i c  

i n d e x  K w i t h i n  t h e  2/7  sectors of t h e  i n t e r p l a n e t a r y  

magne t i c  f i e l d .  I t  is s e e n  t h a t  high K follows s h o r t l y  

af ter  a sector boundary p a s s e s  and  t h a t  l o w  K v a l u e s  are 

reached towards t h e  end  of each sector. There  a p p e a r s  t o  

be n o  s i g n i f i c a n t  d i f f e r e n c e  between + and - sectors, a t  

l eas t  a t  the p r e s e n t  t i m e .  

P 

P 

P 

I t  s h o u l d  be n o t e d  o u t  t h a t  there is a close 

c o r r e s p o n d e n c e  of t h e  o r b i t a l  p e r i o d  (3.9 days)  w i t h  t h e  t i m e  

scale of t h e  sector s t r u c t u r e  (1/7 sector = 3.8 d a y s ) .  The 

a n a l y s e s  have  been c r i t i c a l l y  rev iewed t o  v e r i f y  t h a t  t h e  

sector r e s u l t s  are n o t  a n  art ifact  g e n e r a t e d  i n  the a n a l y s i s .  

In  summary these r e s u l t s  show tha t  d u r i n g  t h e  three 

solar  r o t a t i o n s  near t h e  minimum of t h e  solar c y c l e ,  

t h e  p h o t o s p h e r i c  f i e l d  is dragged o u t  by  the  solar wind 

t o  f o r m  t h e  nea rby  i n t e r p l a n e t a r y  magne t i c  f i e l d  a n d  t h a t  

a semi-permanent sector s t r u c t u r e  ex i s t s .  These c o n c l u s i o n s  

are c o n s i s t e n t  w i t h  the model s u g g e s t e d  by Ahluwal ia  and  

D e s s l e r  (1962) i n  which t h e  sense  of t h e  f i e l d  i n  t h e  s e c t o r s  is 
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r e l a t e d  t o  t h e  s e n s e  of p h o t o s p h e r i c  magnetic f i e l d  regions.  

I n  t h e  i n t e r p r e t a t i o n  of t h e  so la r  wind i n t e r a c t i o n  w i t h  

t h e  geomagnetic f i e l d ,  i t  is n e c e s s a r y  t o  have  a v e r a g e  

v a l u e s  of t h e  i n t e r p l a n e t a r y  medium a v a i l a b l e  f r o m  d i r ec t  

measurements t o  j u s t i f y  a comparison between s u p e r s o n i c  

gas dynamics and t h e  f l o w  of  solar  w i n d .  F i g u r e  16 summarizes 

t h e  ave rage  v a l u e s  of  p e r t i n e n t  p h y s i c a l  p a r a m e t e r s  i n  t h e  

i n t e r p l a n e t a r y  medium deduced f r o m  t h e  magnet ic  f i e l d  

expe r imen t  on IMP-I. The a v e r a g e  magnitude of  t h e  m a g n e t i c  

f i e l d  is 5.1 gammas and  t h e  d i r ec t iona l  changes i n d i c a t e  

a s o l a r  w i n d  v e l o c i t y  of 385 k i l o m e t e r s / s e c .  which y i e l d  

a p r o t o n  c y c l o t r o n  r a d i u s  of 820 k i l o m e t e r s .  I t  has been 

s u g g e s t e d  by Axford (1962) and Ke l logg  (1962) t h a t  t h i s  

r e p r e s e n t s  the a p p r o p r i a t e  p h y s i c a l  scale  u n i t  t o  u t i l i z e  

i n  c o n s i d e r i n g  t h e  charac te r i s t ics  of  t he  i n t e r a c t i o n  of 

t h e  so la r  p l a s m a  f l o w  w i t h  the geomagnet ic  f i e l d .  S i n c e  

t h e  magnetosphere as  shown i n  F i g u r e  2 is a p p r o x i m a t e l y  44 Re 

i n  diameter,  c l e a r l y  t h e  plasma f l o w  c a n  be c o n s i d e r e d  as 

a f l u i d  s i n c e  t h e  p r o t o n  c y c l o t r o n  r a d i u s  is much smaller 

t h a n  t he  s ize  of t h e  magnetosphere.  

4.0  Magnetosphere a n d  Boundary Layer  R e s u l t s  

Magnetic f i e l d  measurements by t h e  IMP-I s a t e l l i t e ,  

i n  comparison w i t h  p lasma measurements ,have shown a un ique  

and  coherent p i c t u r e  of t h e  t e r m i n a t i o n  of the  geomagnetic 
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f i e l d  and t h e  t r a n s i t i o n  to  the  i n t e r p l a n e t a r y  medium. 

The first t r a v e r s a l  of the magnetosphere and  shock wave 

b o u n d a r i e s  by  =-I is shown i n  F i g u r e  17 for t h e  magnet ic  

f i e l d  exper iment .  

8 and  8 describe the  v e c t o r  magnetic f i e l d  o v e r  t h e  5.46 

minute  t i m e  i n t e r v a l .  The root-mean-square d e v i a t i o n  of 

t h e  i n d i v i d u a l  solar  e c l i p t i c  components is also shown as 

6X, 6P apd b Z  . I t  is s e e n  t h a t  t he  t r a n s i t i o n  

r e g i o n  is one i n  which both t h e  direct ion and magnitude o f  

t h e  f i e ld  v a r y  on short a n d  long  t ime  scales. Within 

t h e  i n t e r p l a n e t a r y  medium, magnet ic  f i e l d  f l u c t u a t i o n s  are 

less t h a n  t h e  q u a n t i z a t i o n  errors of t he  t e l e m e t r y  sys tem and 

co r re spond  t o  a f e w  t e n t h s  of a gamma. Thus f o r  t h e  

i n t e r p l a n e t a r y  medium t h e  characteristic f l u c t u a t i o n s  6F/F 

are seen  to  be less than  0 .1  while w i t h i n  t h e  t r a n s i t i o n  

r e g i o n  6F/F v a r i e s  g e n e r a l l y  between 0.5 and 2. 

The magnitude, ,F, and the t w o  a n g l e s  

- -  

- -  

An e n l a r g e d  t i m e  scale p r e s e n t a t i o n  of the t r a v e r s a l  

of the shock wave boundary is shown i n  F i g u r e  18. I n d i v i d u a l  

measurements a t  20.4 second i n t e r v a l s  are i l l u s t r a t e d  f o r  the 

three orthogonal compnnents.  The motion of t h e  sa te l l i t e  

between s u c c e s s i v e  20.4 second  samples  co r re sponds  t o  

approx ima te ly  40 kilometers i n  s p a c e .  The i d e n t i f i c a t i o n  

of the shock wave boundary as a n  a b r u p t  change f r o m  a s t a b l e  

weak ordered f i e ld  to  a t u r b u l e n t  s t r o n g e r  f i e l d  is clear 

and  i n d i c a t e d  by t h e  dashed l i n e  i n  t h e  f i g u r e .  
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On a n  expanded scale F i g u r e  19  shows the c h a r a c t e r i s t i c  

raw t e l e m e t r y  s igna l s  c o r r e s p o n d i n g  t o  i n d i v i d u a l  s amples  

of t h e  magnet ic  f i e l d  a s  sampled by  the  f l u x g a t e  magneto- 

meters a t  time i n t e r v a l s  of 0.160 seconds .  The i n d i v i d u a l  

s p i n  modulated segments  o f  t h e  t e l e m e t r y  s i g n a l  are 

p r e s e n t e d  on an enlarged scale b u t  i n  t i m e  s equence .  Again 

t h e  i d e n t i f i c a t i o n  o f  t h e  boundary is e v i d e n c e d  as a 

t r a n s i t i o n  from a u n i f o r m  s table  f i e l d  t o  a t u r b u l e n t  and  

r a p i d l y  f l u c t u a t i n g  magnet ic  f i e l d .  T h i s  c h a r a c t e r i s t i c  

t h i n n e s s  of t h e  shock wave boundary ,  s e p a r a t i n g  stable a n d  

t u r b u l e n t  f i e l d s ,  w a s  n o t  a n t i c i p a t e d  a n d  is one u n i q u e  

a s p e c t  of t h e  m a g n e t i c  f i e l d  measurements  by IMP-I. 

Corresponding  t o  t h e  magnet ic  f i e l d  measurements 

o n  outbound o r b i t  # 1, F i g u r e  20 shows t h e  p e r t i n e n t  plasma 

measurements f r o m  t he  MIT plasma ;Faraday Cup (Br idge  e t . a l . ,  

1 9 6 5 ) .  The diagram shows t h e  maximum and minimum f l u x  

v a l u e s  d u r i n g  each s p i n  p e r i o d  as measured i n  the  channe l  

co r re spond ing  t o  p r o t o n s  w i t h  e n e r g i e s  between 220 and 660 

e l e c t r o n  v o l t s .  A measurement of t h e  e x t r e m e f l u x e s  d u r i n g  

each s a t e l l i t e  s p i n  is an  i n d i r e c t  measurement o f  t h e  

a n i s t r o p y  of t h e  plasma f l o w .  Wi th in  t h e  t r a n s i t i o n  r e g i o n ,  

which  co r re sponds  p e r f e c t l y  w i t h  t h a t  d e f i n e d  b y  t h e  magneto- 

m e t e r  measurements,  t h e  plasma f l o w  is s e e n  t o  be g e n e r a l l y  

i s o t r o p i c  and o the r  e n e r g y  c h a n n e l s  n o t  shown would i n d i c a t e  

a S i m i l a r  r e sponse  charac te r i s t ic .  The MIT plasma measure- 

m e n t s  have  r e v e a l e d  a broad r e g i o n  of t u r b u l e n t ,  thermalized 
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plasma f l o w  immedia te ly  behind  the  shock wave a n d  e n c l o s i n g  

the magnetosphere.  The remainder  of o r b i t s  2 t h r o u g h  21,  

which p e r m i t  s ampl ing  of t h e  i n t e r p l a n e t a r y  m e d i u m ,  show 

e x c e l l e n t  agreement  b e t w e e n  plasma a n d  magnet ic  f i e l d  

measurements  w i t h  respect to  the  p o s i t i o n s  of the c h a r a c t e r i s t i c  

shock wave and  magnetosphere b o u n d a r i e s  i n  c i s l u n a r  s p a c e .  

F i g u r e  21 p r e s e n t s  t h e  inbound o r b i t  # 1 magne t i c  f i e l d  

measurements  i l l u s t r a t i n g  t h e  c h a r a c t e r  of the magnetosphere 

boundary n e a r  the s t a g n a t i o n  p o i n t .  The magnet ic  f i e l d  

i n t e r i o r  t o  t h e  boundary is s e e n  t o  be i n c r e a s e d  b y  

a p p r o x i m a t e l y  a factor of 2 above t h a t  theore t ica l ly  

predicted by e x t r a p o l a t i o n  f r o m  t h e  E a r t h ' s  s u r f a c e  u s i n g  

s p h e r i c a l  harmonics .  This corresponds t o  t h e  compress ion  

of t h e  geomagnet ic  f i e l d  by  an  i n f i n i t e l y  cc:;iducting plasma 

a n d  t h e  factor of t w o  is i n  a g r e e m e n t  w i t h  theore t ica l  

pred ic t ion  (Beard, 1964). The d i r e c t i o n  of t h e  f i e l d  is 

s e e n  t o  be o n l y  s l i g h t l y  dis tor ted i n t e r i o r  t o  t h e  

magnetosphere  boundary. Beyond t h i s  a t u r h d l e n t  magnet ic  

f i e l d  is s e e n  b o t h  i n  d i r e c t i o n  and  magnitude as  shown 

p r e v i o u s l y  i n  F i g u r e  17.  Accompanying F i g u r e  2 1  are t h e  

e n e r g e t i c  par t ic le  r e s u l t s  f o r  inbound o r b i t  # 1 showing 

e l e c t r o n s  w i t h  e n e r g i e s  greater t h a n  45 K e V  as detected by  

the gieger c o u n t e r  experiment  of Anderson e t  . a l .  (1965). 

An i n t e n s e  f l u x  Of p a r t i c l e s  1s observed i n t e r i o r  t o  t h e  
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magnetosphere boundary t o  t h e  t r a p p e d  p a r t i c l e s  i n  t h e  

o u t e r  r a d i a t i o n  be l t s .  The t e r m i n a t i o n  o f  t h e  t r a p p i n g  

r e g i o n  is seen  t o  be c o i n c i d e n t  w i t h  t h e  boundary  of t h e  

magnetosphere as o b s e r v e d  first by  Freeman e t  .a1 (1963) 

on E x p l o r e r  X I I .  T h i s  is a c h a r a c t e r i s t i c  f e a t u r e  o f  

o r b i t a l  data o b t a i n e d  n e a r  t he  s t a g n a t i o n  p o i n t ,  t h a t  is, 

w i t h i n  45' of t h e  Earth-Sun l i n e .  

t o  t h e  magnetosphere boundary i n  t h i s  r e g i o n  o f  s p a c e  are 

connec ted  i n  a d i s t o r t e d  b u t  a p p r o x i m a t e l y  c o n t i n u o u s  

d i p o l e  topo logy  which s u p p o r t s  t r a p p e d  p a r t i c l e  motion.  

Magnet ic  f i e l d s  i n t e r i o r  

F igu re  6 i l l u s t r a t e s  magne t i c  f i e l d  measurements  

o b t a i n e d  on o rb i t  # 6 inbound p r e v i o u s l y  reported by  N e s s  

e t .  a l .  (1964). For t h i s  o r b i t ,  o r i g i n a l  d e t e r m i n a t i o n  of 

t he  boundary w a s  based upon magnitude measurements  and  

showed a boundary a t  10.3 Re. 

of t h e  data has  i n d i c a t e d  t h a t  t h e  t e r m i n a t i o n  of  t h e  

magnetosphere boundary must be de te rmined  by t h e  t o p o l o g y  

o f  t h e  f i e 1 d : a s  t o  whether or n o t  t h e  f i e l d  is connec ted  t o  

t h e  E a r t h  o r  t o  i n t e r p l a n e t a r y  s p a c e .  On t h e  assumpt ion  

t h a t  t h e  change i n  d i r e c t i o n  of t h e  f i e l d  is t h e  p e r t i n e n t  

parameter  d e t e r m i n i n g  such  c o n n e c t i o n ,  t h e  boundary of t h e  

magnetosphere is i d e n t i f i e d  a t  a d i s t a n c e  of 8.1 Re.  T h a t  

t h e  magnet ic  f i e l d  magnitude is c o n t i n u o u s  across t h e  boundary 

is an i n t e r e s t i n g  a s p e c t  which c a n n o t  be expanded upon i n  

t h i s  b r i e f  summary of r e s u l t s .  

Subsequent  r e - e v a l u a t i o n  
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Accompanying F i g u r e  23 is Figure 24 showing t h e  f l u x  

of e l e c t r o n s  w i t h  e n e r g y  greater t h a n  45 KeV. Again t h e  

t e r m i n a t i o n  of t h e  t r a p p i n g  r e g i o n  is s e e n  t o  be e x a c t l y  

c o i n c i d e n t  w i t h  the boundary of t h e  magnetosphere even  

though it has moved lm to a d i s t a n c e  of 8.1 Re i n  t h i s  

p a r t i c u l a r  o rb i t .  No i m p o r t a n t  solar e v e n t  or associated 

terrestrial e v e n t  h a s  been associated w i t h  a boundary i n  as  

c lose as this. The o n l y  o t h e r  un ique  e v e n t  a s s o c i a t e d  w i t h  

o r b i t  # 6 which p o s s i b l y  might be p h y s i c a l l y  related t o  

it is t h a t  d u r i n g  o r b i t  # 5 the magnetohydrodynamic wake 

of t h e  moon w a s  d e t e c t e d  by the IW-I sa te l l i t e  w h i l e  in 

i n t e r p l a n e t a r y  s p a c e  (Ness, 1965a). Whether o r  n o t  i t  

is p o s s i b l e  for  t h e  wake of t h e  moon t o  d i s t u r b  the 

c h a r a c t e r i s t i c s  i n  t h e  t r a n s i t i o n  r e g i o n  a n d  t h e r e b y  e f fec t  

t h e  p o s i t i o n  of t h e  magnetosphere boundary is p r e s e n t l y  

unknown b u t  c u r r e n t l y  under  i n v e s t i g a t i o n .  

C o n t i n u i n g  i n  o rb i t a l  coverage  a round t o  t h e  S u n r i s e  

t e r m i n a t o r ,  Figure 25 shows magnet ic  f i e l d  measurements f rom 

outbound o rb i t  # 11. The boundary of t h e  magnetosphere is 

d i s c e r n i b l e  a s  an  a b r u p t  change i n  t h e  d i r e c t i o n  of t h e  f i e l d  

and  i n  t h i s  case a g a i n  accompanied by  a change i n  t h e  

magnitude of t h e  f i e l d .  Beyond t h i s  boundary t h e  t u r b u l e n t  

and  tangled  m a g n e t i c  f i e l d  is obse rved  u n t i l  t h e  shock  wave 

boundary is detected a t  1 9 . 7  Reo  Accompanying Figure 25 is 

F i g u r e  26 s h o w i n g  t h e  f l u x  of e n e r g e t i c  e l e c t r o n s  greater 

t h a n  45 KeV e n e r g y  f o r  t h e  same o rb i t .  H e r e  it is s e e n  t ha t  
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t h e  boundary of t h e  t r a p p i n g  r e g i o n  o c c u r s  close t o  

t h e  E a r t h  a t  a p p r o x i m a t e l y  4 or  5 Re a n d  hence  n o t  

c o i n c i d e n t  w i t h  t h e  boundary of t h e  magnetosphere.  

T h i s  is a c h a r a c t e r i s t i c  f e a t u r e  o f  t he  r e s u l t s  f rom 

t h e  IMP-I s a t e l l i t e .  The boundary of the t r a p p i n g  r e g i o n  

and t h e  magnetosphere boundary are c o i n c i d e n t  n e a r  the 

s t a g n a t i o n  p o i n t  b u t  g r a d u a l l y  s e p a r a t e  towards the Sun- 

r ise  t e r m i n a t o r  t o  a n  a p p r e c i a b l e  d i s t a n c e  on t h e  n i g h t  

s ide  of  t h e  E a r t h .  T h i s  i m p l i e s  t h a t  t h e  magne t i c  f i e l d  

t o p o l o g y  w i t h i n  t h e  magnetosphere is s u c h  t h a t  d u r a b l y  

t r a p p e d  p a r t i c l e  mot ions  are p o s s i b l e  f o r  f i e l d  l i n e s  which 

are approx ima te ly  d i p o l a r  and  connec ted  f rom one hemisphere  

t o  t h e  o t h e r .  However, p a r t i c l e s  are n o t  c a p a b l e  o f  s t a b l y  

d r i f t i n g  i n  l o n g i t u d e  which c o r r e s p o n d  t o  f i e l d  l i n e s  

beyond approx ima te ly  8 Re on t h e  n i g h t  s i d e  of  t h e  E a r t h .  

Although beyond t h i s  r e g i n n  of s p a c e  i n t e n s e  t r a n s i e n t  

f l u x e s  are  obse rved  on f i e l d  l i n e s  which o r i g i n a t e  a t  t he  

s u r f a c e  of t h e  E a r t h ,  t h e  f i e l d  l i n e s  do n o t  a p p e a r  t o  

be d i r e c t l y  connec ted  t o  t h e  o t h e r  hemisphere .  A d d i t i o n a l  

d i s c u s s i o n  of t h e  f i e l d  t o p o l o g y  w i t h i n  t h e  magnetosphere 

w i l l  be p r e s e n t e d  i n  S e c t i o n  5 . 0 .  

The l a s t  o r b i t  on which i n t e r p l a n e t a r y  magnetic f i e l d  

measurements were performed w a s  o rb i t  # 21.  Outbound o r b i t  

# 2 1  is i l l u s t r a t e d  i n  F i g u r e  27 showing t h e  magnetopause 

a t  a d i s t a n c e  of 18.7 Re. Again the magnetosphere boundary 
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is i d e n t i f i e d  by a n  a b r u p t  change  i n  t h e  d i r e c t i o n  of 

the  f ie ld .  The magnitude of  t h e  f i e l d  is many times 

larger t h a n  t ha t  t h e o r e t i c a l l y  p r e d i c t e d .  The simple 

model which e x p l a i n s  the f a c t o r  of t w o  i n c r e a s e  i n  magnitude 

a t  t h e  s t a g n a t i o n  p o i n t  is no l o n g e r  a p p l i c a b l e  on t h e  

f l a n k s  of the magnetosphere.  The remainder  of outbound 

o r b i t  # 21 is shown in F i g u r e  28 where t h e  t r a n s i t i o n  

r e g i o n  is s e e n  t o  c o n s i s t  of i n t e r v a l s  i n  which t h e  f i e l d  

s t r e n g t h s  are h i g h  when compared t o  t h e  i n t e r p l a n e t a r y  

r e g i o n  and  d i r e c t i o n s  r e a s o n a b l y  stable which a l t e r n a t e  

w i t h  r e g i o n s  of f l u c t u a t i n g  and  weak magnet ic  f i e lds .  This 

is a f e a t u r e  r e m i n i s c e n t  of the E x p l o r e r  10 r e s u l t s  n e a r  the 

S u n s e t  t e r m i n a t o r  s ide  of t h e  magnetosphere (Reppner e t . a l  , 
1963; B o n e t t i  e t . a l . ,  1963) .  De ta i l ed  c o r r e l a t i o n s  of these 

data w i t h  t h e  plasma measurements w i l l  be n e c e s s a r y  t o  

d e t e r m i n e  whether  or n o t  t he  boundary of t h e  magnetosphere 

h a s  been t r a v e r s e d  m o r e  than once  on t h i s  p a r t i c u l a r  o r b i t .  

The motion of the boundary of t h e  magnetosphere w a s  first 

deduced i n  t h e  E x p l o r e r  X r e s u l t s  i n  1961  ( N e s s ,  1 9 6 5 ~ ) .  

I 

I 

A summary of t h e  p o s i t i o n s  of the  magnetosphere boundary 

and  the shock  wave are shown i n  F i g u r e  29.  Each dot  r e p r e s e n t s  ~ 

e i t h e r  t h e  inner-most  or ou te r -mos t  p o s i t i o n  of the  boundary 

as obse rved  on each o rb i t .  The t e r m i n a t i o n s  of t h e  boundary 

on s u c c e s s i v e  o rb i t s  are connected  by s o l i d  l i n e s  i f  no  i 
data is m i s s i n g  or no  boundary w a s  unambiguously d e f i n e d  and  I 
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dashed  if o t h e r w i s e .  I n  g e n e r a l  i t  is s e e n  t h a t  t h e  

magnetosphere is r o u g h l y  h e m i s p h e r i c a l  nn t h e  S u n l i t  

s ide of t h e  E a r t h  w i t h  a r a d i u s  of 13.9 Re ( N e s s ,  1965b) 

b u t  broadens  o u t  t o  a p p r o x i m a t e l y  a diameter of  44 Re 

on t h e  f l a n k s  of  t h e  magnetosphere .  The shock wave 

boundary is s e p a r a t e d  f r o m  t h e  magnetosphere  by a d i s t ance  

of  3-4 R a t  t h e  s t a g n a t i o n  p o i n t  and  i n c r e a s e s  t o  5-7 R 

on t h e  f l a n k s  of t h e  magnetosphere.  
e e 

I t  is p o s s i b l e  t o  c o n s i d e r  a comparison of t h e  supe r -  

s o n i c  gas dynamic analog of t h e  solar wind f l o w  w i t h  t h e  

magnetosphere,  as s t u d i e d  i n i t i a l l y  by S p r e i t e r  a n d  J o n e s  

(1962) . I t  is i m p o r t a n t ,  however, i n  t h i s  i n t e r p r e t a t i o n  

t o  a t t e m p t  t o  take  i n t o  accoun t  t h e  v a r i a b l e  angle  of  

a t t a c k  which  t he  E a r t h ' s  magnet ic  d i p o l e  p r e s e n t s  t o  

t h e  s o l a r  w i n d  f low.  T h i s  is associated w i t h  t h e  o b l i q u i t y  t o  

t h e  e c l i p t i c  of 23.4O and t h e  1 1 . 7 O  tilt of t h e  dipole 

a x i s  of  t h e  geomagnetic f i e l d  t o  t h e  s p i n  a x i s  of t h e  

E a r t h .  F i g u r e  30 shows t h e  v a r i a t i o n  i n  t h e  angle  of a t tack  

ove r  t h e  l i f e t i m e  of t h e  IMP-I s a t e l l i t e .  

has  been  used  p r e v i o u s l y  i n  a t t e m p t s  t o  r e c t i f y  t h e  p o s i t i o n s  

T h i s  angle, xss, 

of t h e  boundary t o  t h e  ideal p o s i t i o n  of impact  of t h e  solar 

wind f l u x  normal t o  the a x i s  of t h e  E a r t h ' s  magnet ic  d i p o l e  

( N e s s  e t . a l . ,  1964) As t h e  ang le  of a t t ack  i n c r e a s e s  it 

would normal ly  be expected t h a t  t h e  magnetosphere would 

i n c r e a s e  i n  size s i n c e  t he  magnitude of f i e l d  a t  t h e  
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s t a g n a t i o n  p o i n t  i n c r e a s e s .  A first o r d e r  c o r r e c t i o n  

u s i n g  xSs y i e l d s  t h e  r e c t i f i e d  p o s i t i o n s  of t h e  magneto- 

s p h e r e  boundary and  shock  wave as shown i n  F i g u r e  31. 

The i n n e r  s o l i d  l i n e  cor respond t o  t h e  t h e o r e t i c a l  

p r e d i c t i o n s  by  S p r e i t e r  and J o n e s  (1962) of the shape of 

t h e  magnetosphere bcll nda ry  and assuming a n  i n d i v i d u a l  

p a r t i c l e  model w i t h  s p e c u l a r  r e f l e c t i o n s .  A gas dynamic 

shock  a n a l o g  h a s  been used  t o  compute t he  shock wave p o s i t i o n  

and  shape u s i n g  t h i s  t h e o r e t i c a l  magnetosphere.  I n  g e n e r a l  

t he  shape comparison is e x c e l l e n t  for the shock i n d i c a t i n g  

s u b s t a n t i a l  agreement  i n  t h e  p h y s i c a l  model. T h i s  is t o  

be expec ted  s i n c e  i n  any phys ica l  model o f  a shock, 

mass, momentum a n d  ene rgy  must be conserved .  I t  s h o u l d  be 

n o t e d  t h a t  the  shape  of t h e  boundary on the  f l a n k s  of 

t h e  magnetosphere does n o t  appea r  t o  co r re spond  w e l l  w i t h  

t h a t  p r e d i c t e d .  The magnetosphere a p p e a r s  t o  be broader 

t h a n  a n t i c i p a t e d  and indeed is s u g g e s t e d  t o  have a r a d i u s  

of 

s l i g h t l y  t o  y i e l d  t h e  comparison shown (Ness e t . a l . ,  1964) .  

22 Re. A l s o  the p o s i t i o n  of the shock  has b e e n  a d j u s t e d  

T h i s  s e c t i o n  summarized b r i e f l y  the  r e s u l t s  of  t h e  

mapping of the  magnetosphere boundary and  shock wave by 

the  IYP-I sa te l l i t e .  Detailed d i s c u s s i o n s  of  t h e  

i n d i v i d u a l  exper iment  r e s u l t s  c a n  be found i n  t he  o r i g i n a l  

p a p e r s  by the a p p r o p r i a t e  a u t h o r s .  The c o n f i n i n g  of t h e  
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geomagnet ic  f i e l d  pe rmanen t ly  by  a c o n t i n u a l  f l u x  of 

plasma from t h e  Sun is a v e r y  new a s p e c t  i n  t h e  under -  

s t a n d i n g  of t h e  E a r t h ' s  envi ronment  i n  s p a c e  when 

compared t o  ear l ier  work on a t r a n s i e n t  Chapman-Ferraro 

c a v i t y  as rev iewed by Chapman (1963) .  E q u a l l y  i m p o r t a n t  

are t h e  r e s u l t s  o b t a i n e d  on the n i g h t  side of t h e  E a r t h  

from IMP-I which s h a l l  be d i s c u s s e d  i n  the  f o l l o w i n g  

s e c t i o n .  

5.0 T a i l  of t h e  Magnetosphere 

D e t a i l e d  measurements of  t h e  d i s t o r t e d  geomagnet ic  

f i e l d  on the n i g h t  s ide of t h e  E a r t h  were per formed by the 

IMP-I sa t e l l i t e  on o r b i t s  # 31 th rough  47 ( N e s s ,  1965b) .  

A conspicuous  a n d  dominant f e a t u r e  of t he  measurements 

on these o r b i t s  w a s  t h e  d i r e c t i o n  a n d  s t r e n g t h  of t h e  

magne t i c  f i e l d  when t h e  s a t e l l i t e  w a s  beyond a p p r o x i m a t e l y  

10 t o  15 Re f rom t h e  E a r t h .  The d i r e c t i o n  of t h e  f i e l d  

w a s  observed  ma in ly  t o  p a r a l l e l  t h e  Earth-Sun l i n e  w i t h  

magni tudes o f  10 t o  20 gammas. A r e p r e s e n t a t i v e  o r b i t  

has  been  chosen  t o  i l l u s t r a t e  t h e s e  character is t ics .  I n  

F i g u r e  32 t h e  uutbound p o r t i o n  of o r b i t  # 41 shows t h e  

d i r e c t i o n  o f  t he  f i e l d  p a r a l l e l i n g  t h e  Earth-Sun l i n e  

w i t h i n  a f e w  degrees and  w i t h  magni tudes  many t i m e s  larger 

t h a n  p r e d i c t e d  as shown by t h e  dashed c u r v e .  These data 

e x t e n d  ou t  t o  s a t e l l i t e  apogee ,  which c o r r e s p o n d s  a p p r o x i m a t e l y  
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ha l fway  t o  t h e  d i s t a n c e  Of t he  Moon. 

Accompanying F i g u r e  32 is t h e  inbound p o r t i o n  

of orbit  # 41 shown i n  F igu re  33. In  this a c o n t i n u a t i o n  

of t h e  c h a r a c t e r i s t i c  d i r e c t i o n  of the f i e l d  is i n d i c a t e d  

w i t h  magni tudes a g a i n  between 10 and 20 gammas. However, 

a t  a d i s t a n c e  of 16 Re t h e  magnitude of t h e  f i e l d  is 

obse rved  t o  d e c r e a s e  r a p i d l y  while t h e  d i r e c t i o n  of t h e  

f i e l d  a b r u p t l y  changes  f r o m  b e i n g  d i r e c t e d  away from 

the  Sun t o  b e i n g  directed towards t he  Sun. T h i s  change 

i n  d i r e c t i o n  of the f i e l d  is i n t e r p r e t e d  t o  be associated 

w i t h  t h e  magnet ic  n e u t r a l  s u r f a c e  i n  t h e  E a r t h ' s  magnet ic  

t a i l  (Axford e t  .al.,  1965) . This s u r f a c e  separates r e g i o n s  

o f  s p a c e  i n  which t h e  d i r e c t i o n  of t h e  d i s t o r t e d  geomagnet ic  

f i e l d  is either away from or towards  t he  Sun. 

That  the  d i r e c t i o n  of the  f i e l d  p a r a l l e l s  the  Earth-  

Sun l i n e  a p p e a r s  t o  be a s s o c i a t e d  w i t h  t h e  mechanism for  

t h e  f o r m a t i o n  of t h e  tai l .  Although t h i s  is n o t  y e t  under-  

stood i n  detail  it is c l e a r l y  associated w i t h  the i n t e r -  

a c t i o n  of t h e  solar wind with t h e  magne t i c  f i e l d  of t h e  

E a r t h .  S i n c e  t h i s  p a r a l l e l s  the Earth-Sun l i n e ,  n e g l e c t i n g  

t h e  3O-5O aberration effect ,  t h e n  t h e  d i r e c t i o n  of the  t a i l  

and  indeed t h e  f i e l d  d i r e c t i o n  w i t h i n  the t a i l  c a n  be 

e x p e c t e d  t o  p a r a l l e l  the Earth-Sun l i n e .  The d i s c o v e r y  

o f  t h e  n e u t r a l  sheet in the  Ea r th ' s  magnet ic  t a i l  by IMP-I 

is one of t h e  v e r y  s i g n i f i c a n t  r e s u l t s  of t h e  exper iment .  
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T h e o r e t i c a l  t r e a t m e n t  of t h e  f o r m a t i o n  of a magne t i c  

t a i l  of t h e  E a r t h  by P i d d i n g t o n  (1959, 1960)was on t h e  b a s i s  

of storm t h e o r y  and more r e c e n t l y  by  Dessler and  

and  Juday (1965) and Axford e t . a l . ,  Q965) on t h e  basis of 

l i m i t e d  s a t e l l i t e  e x p e r i m e n t a l  d a t a  (Heppner,  1963;  C a h i l l ,  

1964) .  T h i s  e x t e n d e d  magne t i c  t a i l  r e p r e s e n t s  a change 

i n  t h e  concept  of t h e  E a r t h ' s  magne tosphe r i c  c a v i t y  s h a p e .  

A summary of t h e  h o u r l y  a v e r a g e  components p r o j e c t e d  

on  t h e  X-Y p l a n e  w i t h i n  t h e  magnetosphere is shown i n  

F i g u r e s  34 a n d  35. The measurements are shown f o r  even 

h o u r s  o n l y  f o r  c l a r i t y  of p r e s e n t a t i o n .  The f o r m a t i o n  of 

t h e  ex tended  m a g n e t i c  t a i l  of  t h e  E a r t h  is d r a m a t i c a l l y  

ev idenced  i n  t h i s  p r e s e n t a t i o n .  The crosses c o r r e s p o n d  t o  

t r a v e r s a l  of t h e  magnetosphere boundary by  the  s a t e l l i t e  

and i n d i v i d u a l  o r b i t s  are d i s t i n g u i s h e d  by a c o n t i n u o u s  

p a t t e r n  of v e c t o r s  which c a n  be d i s c e r n e d  i n  these f i g u r e s .  

F i g u r e  34 shows t h e  X-Y component of  t h e  

magne t i c  f i e l d  c o r r e s p o n d i n g  t o  p o s i t i o n s  of  t h e  s a t e l l i t e  

when below t h e  p l a n e  c o r r e s p o n d i n g  t o  Zse=-2 .5  Re w h i l e  

F i g u r e  35 c o r r e s p o n d s  t o  Zsat > -2.5 R . - I n  t h i s  f i g u r e  t h e  

r e v e r s a l  of d i r e c t i o n  of t h e  f i e l d  across t h e  n e u t r a l  sheet 

is r e a d i l y  ev idenced .  I n  some i n s t a n c e s  t h e  d i r e c t i o n  of 

t h e  f i e l d  does n o t  change by e x a c t l y  180° and  t h e  f i e l d  

topo logy  a c r o s s  t h e  n e u t r a l  sheet is n o t  e x a c t l y  a n t i - p a r a l l e l  

b u t  r a t h e r  crossed. The th i ckness  of t h e  n e u t r a l  sheet can  

e 

.. 
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be i n f e r r e d  b u t  n o t  a c c u r a t e l y  de te rmined  s i n c e  it is 

n o t  known i f  t h e  n e u t r a l  s h e e t  is i n  motion a t  the t i m e  

of t r a v e r s a l  by the satel l i te .  Assuming t h a t  t h e  

s a t e l l i t e  mot ion  is t h e  o n l y  p e r t i n e n t  r e l a t i v e  v e l o c i t y  

t h e n  it is p o s s i b l e  t o  e s t i m a t e  t h e  t h i c k n e s s  of t h e  

n e u t r a l  s h e e t  as a f r a c t i o n  of an  E a r t h  r a d i u s  o v e r  

t h e  1 4  o r b i t s  i n  which it has  been obse rved .  T h i s  

i n d i c a t e s  a v e r y  t h i n  m a g n e t i c a l l y - n e u t r a l  sheet (on the 

scale of  t h e  magnetosphere) embedded w i t h i n  t h e  E a r t h ' s  

magnet ic  t a i l .  

F i g u r e  36 th rough 39 show t h e  h o u r l y  ave rage  

components of t h e  magnet ic  t a i l  f i e l d  p r o j e c t e d  on X-Z 

p l a n e s .  An attempt h a s  been made t o  p r e s e n t  a three 

d imens iona l  view of t h e  t a i l  f i e l d  i n  these 4 f i g u r e s .  They 

are s e p a r a t e d  a c c o r d i n g  t o  Zsat b e i n g  b e l o w  t h e  p l a n e  of 

e c l i p t i c  for F i g u r e s  36 a n d  37 while t h e  s a t e l l i t e  is above 

t h e  p l a n e  of t h e  e c l i p t i c  i n  F i g u r e s  38 and 39. In t he  

p a i r  of F i g u r e s  36-37 and 38-39 the  p o s i t i o n  of the  s a t e l l i t e  

is s e p a r a t e d  a c c o r d i n g  t o  whether or  n o t  Ysat is greater t h a n  

or less than  -3.0 Re r e s p e c t i v e l y .  F i n a l l y  the p r o j e c t i o n  

of the v e c t o r  on p l a n e s  s e p a r a t e d  by i n t e r v a l s  of 2 Re are 

the  

shown o f f s e t  i n  an  isometric p r o j e c t i o n .  C a r e f u l  i n s p e c t i o n  

of F i g u r e s  36 th rough 39 and a l s o  F i g u r e s  34 and 35 y i e l d s  

the de t a i l s  of  t h e  p h y s i c a l  e x i s t e n c e  and  d i rec t iona l  char -  

acter is t ics  of t h e  m a g n e t i c  t a i l  o f  the  E a r t h .  

The measurements of t h e  magnetic t a i l  e x t e n d  o v e r  a t i m e  

i n t e r v a l  of approx ima te ly  4 months. Thus t h e  E a r t h ' s  
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magne t i c  t a i l  a p p e a r s  t o  be as permanent  a f e a t u r e  of 

t h e  E a r t h ' s  envi ronment  as w a s  p r e v i o u s l y  deduced a b o u t  

t h e  conf inement  o f  t h e  geomagnet ic  f i e l d  by  t h e  f low o f  

solar plasma. The o r i g i n a l  s u g g e s t  i o n  b y  P i d d i n g t o n  (1959) 

w a s  f o r  t h e  temporary  e x i s t e n c e  of a magne t i c  t a i l  of 

t he  E a r t h .  The c h a r a c t e r i s t i c s  of the n e u t r a l  s h e e t  are 

a n  impor t an t  a s p e c t  o f  t h e  E a r t h ' s  t a i l  and  s h a l l  be 

d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

A schemat ic  summary o f  t h e  c i s l u n a r  s p a c e  envi ronment  

is shown i n  F i g u r e  40. T h i s  shows t h e  p r o j e c t i o n  of t h e  

i n t e r p l a n e t a r y  f i e l d  l i n e s  or1 t h e  p l a n e  of t h e  e c l i p t i c  

as w e l l  as t h e  shock wave and  magnetosphere boundary. 

The magnetosphere t a i l  is shown t o  be f i l l e d  w i t h  l i n e s  of 

f o r c e  which o r i g i n a t e  f r o m  t h e  s o u t h e r n  p o l a r  c a p  r e g i o n .  

An estimate o f  t h e  t o t a l  magnet ic  f l u x  i n  t h e  E a r t h ' s  

magnet ic  t a i l  c a n  be o b t a i n e d  by i n t e g r a t i n g  o v e r  an  

assumed c y l i n d r i c a l  s u r f a c e .  E q u a t i n g  t h i s  t o t a l  f l u x  

t o  t h a t  th rough a p o l a r  c a p  r e g i o n  of c o l a t i t u d e  = 8 s h o u l d  

y i e l d  e q u i v a l e n c e  if t h e  t o t a l  f l u x  i n  t h e  c a p  is dragged 

beh ind  the  Ea r th  t o  f o r m  t h e  E a r t h ' s  magnet ic  t a i l .  F i g u r e  

4 1  i l l u s t r a t e s  t h i s  r e l a t i o n s h i p  and  i n s p e c t i o n  o f  t h e  c h a r t  

shows t h a t  f o r  obse rved  f i e l d  s t r e n g t h s  of 20 gammas and  a 

t a i l  r a d i u s  of 22 Re t h e  c o l a t i t u d e  p r e d i c t e d  for t h e  p o l a r  

c a p  r eg ion  is approx ima te ly  16 . T h i s  is i n  remarkable 

agreement w i t h  t h e  p o s i t i o n s  of t h e  a u r o r a l  z o n e s  a s  d i r e c t l y  

measured a n d  s u b s t a n t i a t e s  t h e  g e n e r a l  q u a l i t a t i v e  model 

0 

~~ ~ 
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I -. of the E a r t h ' s  t a i l  which is formed by t h e  d i s t o r t i o n  

of t h e  geomagnet ic  f i e l d  by the  solar wind. R e c e n t  

l o w  a l t i t u d e  measurements  of p a r t i c l e  f l u x e s  on the n i g h t  

s ide  of t h e  E a r t h  a t  h i g h  l a t i t udes  above t h e  t r a p p i n g  

r e g i o n s  s u p p o r t  t h e  f i e l d  topo logy  p roposed  ( M c D i a r m i d  

and  Burrows, 1965). 

6.0 N e u t r a l  S h e e t  C h a r a c t e r i s t i c s  

O b s e r v a t i o n s  of the  magnetic n e u t r a l  sheet i n  t h e  

E a r t h ' s  t a i l  have  been performed on 14  of o r b i t s  # 31 

t h r o u g h  # 47. These have ranged o v e r  g e o c e n t r i c  

d i s t a n c e s  of 9.9 Re t o  28 Re. 

o r b i t s  p o s s e s s e d  n e u t r a l  sheet t r a v e r s a l s  closer t o  the 

E a r t h  t h a n  later orb i t s .  Analyses  have  been performed t o  

deduce the o r i e n t a t i o n  of the n e u t r a l  sheet i n  t h e  E a r t h ' s  

magne t i c  t a i l .  Indeed, t ha t  t h e  n e u t r a l  s u r f a c e  s e p a r a t i n g  

f i e l d s  of o p p o s i t e  d i r e c t i o n  is more or less a f l a t  p l a n a r  

f e a t u r e ,  as s u g g e s t e d  by  the word sheet is one  r e s u l t  of 

t h i s  p a r t i c u l a r  i n v e s t i g a t i o n ,  The l a t i t u d e  of t h e  p o s i t i o n s  

of c r o s s i n g  of t h e  n e u t r a l  s u r f a c e  i n  the E a r t h ' s  magnet ic  

t a i l  has been examined i n  three c o o r d i n a t e  sys t ems ;  

I n  g e n e r a l  the e a r l y  

1. S o l a r  e c l i p t i c ,  

2 e Geomagnetic 

3. Solar magnetospher ic  

The l a s t  sys t em is a recent a d d i t i o n  t o  those coordinates 

u s e d  i n  i n t e r p r e t a t i o n  of magnetospher ic  phenomena. 
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I t  i n c o r p o r a t e s  t h e  Earth-Sun l i n e  as t h e  X-axis b u t  

u n l i k e  s o l a r  e c l i p t i c  i n c l u d e s  a dependence upon t h e  

p o s i t i o n  of t h e  geomagnetic ax is  r a t h e r  t h a n  t h e  e c l i p t i c  

p l a n e .  The c o o r d i n a t e  s y s t e m  is i l l u s t r a t e d  i n  F i g u r e  

42 showing t h e  XZ p l a n e  as  i n c l u d i n g  t h e  magne t i c  a x i s  

of the E a r t h .  T h i s  i m p l i e s  t h a t  t h e  Y a x i s  i n  t h e  new 

c o o r d i n a t e  s y s t e m  is  a lways  normal  t o  both t h e  Earth-Sun 

l i n e  a n d  t h e  E a r t h ' s  magnet ic  d i p o l e  axis .  

P r e v i o u s  r e s e a r c h  worke r s  i n  t h e  f i e l d  of magneto- 

s p h e r e  p h y s i c s  have s u g g e s t e d  t h a t  such  a c o o r d i n a t e  

sys tem might be a p p r o p r i a t e  i n  t h e  a n a l y s i s  of magneto- 

s p h e r i c  phenomenona ( D e s s l e r  and  J u d a y ,  1965) b u t  u n t i l  

these IMP-I data were a v a i l a b l e  there a p p e a r e d  t o  be no  

a p p r o p r i a t e  need  f o r  i ts  c o n s i d e r a t i o n .  The v a r i a t i o n  and  

p o s i t i o n  of t h e  n e u t r a l  sheet i n  the  t h r e e  coordinate s y s t e m s  

d i s c u s s e d  h a s  been i n v e s t i g a t e d .  The best f i t  t o  the  

e q u a t o r i a l  p l a n e  i n  t h e  t h r e e  c o o r d i n a t e  sys t ems  o c c u r r e d  

i n  t h e  solar magnetospher ic  c o o r d i n a t e  sys t em.  T h i s  is 

shown i n  F igu re  43 i n  which it is s e e n  t h a t  the  p o s i t i o n  

of t h e  n e u t r a l  s u r f a c e  c r o s s i n g  is a lways  w i t h i n  5 or l oo  
of the  solar magnetospher ic  e q u a t o r i a l  p l a n e .  Thus it is 

0 

.. 

s u g g e s t e d  by t h e s e  r e s u l t s  t h a t  t h e  n e u t r a l  sheet i n  t h e  

E a r t h ' s  magnetic t a i l  is r o u g h l y  p a r a l l e l  t o  t h e  solar 

magnetospher ic  e q u a t o r i a l  p l a n e  a n d  indeed is a p p r o x i m a t e l y  

e q u i v a l e n t  t o  it .  The v a r i a t i o n  i n  t h e  t ilt  of t h e  n e u t r a l  
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s h e e t  t o  the e c l i p t i c  p l a n e  is a n  i m p o r t a n t  parameter i n  

comparing t h e s e  r e s u l t s  w i t h  p r e v i o u s  and f u t u r e  sa te l l i t e  

measurements.  F i g u r e  44 shows t h e  a n n u a l  v a r i a t i o n  of 

t h e  tilt of t h e  n e u t r a l  s h e e t  w i t h  r e s p e c t  t o  t h e  e c l i p t i c  

p l a n e  when viewed a l o n g  t h e  Earth-Sun l i n e .  The maximum 

i n c l i n a t i o n  is + - 35.4 w i t h  an a n n u a l  s e a s o n a l  v a r i a t i o n .  0 

Measurements by Anderson e t . a l . ,  (1965) Frank  and Van 

A l l e n  (1964) , Freeman (1964) Gr ingauz  e t  . a l .  (1960) , Montgomery 

e t .a l .  (1965), S i n g e r  e t . a l . ,  (1965) and  Anderson e t . a l . ,  

(1965) have  shown enhanced p a r t i c l e  f l u x e s  on t h e  n i g h t  side 

of the E a r t h .  Some of these are p r o b a b l y  related t o  the  

magnet ic  n e u t r a l  sheet. P r e v i o u s  measurements by Frank (1964) 

are p a r t i c u l a r l y  p e r t i n e n t  i n  t h i s  r e s p e c t  s i n c e  t h e y  r e v e a l e d  

t h e  f o r m a t i o n  of a n  electron ' 'tail" of t h e  magnetosphere 

on t h e  n i g h t  s i d e  of t h e  E a r t h  w i t h  the  E x p l o r e r  14 

s a t e l l i t e .  A s  no ted  by Axford et.a1.(1965) i n  order t h a t  

a magne t i c  n e u t r a l  sheet ex is t  i n  t h e  E a r t h ' s  m a g n e t i c  t a i l  

it is n e c e s s a r y  t ha t  t h e  s h e e t  be f i l l e d  w i t h  a n  i n c r e a s e d  

plasma f l u x  which b a l a n c e s  t h e  oppos ing  f i e l d c o n f i g u r a t i o n s .  

F i g u r e  45 p r e d i c t s  the minimum p a r t i c l e  f l u x  n e c e s s a r y  t o  

balance a magnet ic  f i e l d  i n  the E a r t h ' s  t a i l  and  supe r imposes  

e x p e r i m e n t a l  e v i d e n c e  of t he  n e u t r a l  sheet. These measure- 

ments  w e r e  n o t  o r i g i n a l l y  i n t e r p r e t e d  t o  be i n d i c a t i v e  of 

t h e  n e u t r a l  sheet b u t  w i t h  t h e  m a g n e t i c  f i e l d  topo logy  of 

t h e  E a r t h ' s  t a i l  as  measured by t h e  IW-I sa t e l l i t e ,  it is 
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p o s s i b l e  t o  p l a c e  t h e s e  measurements  i n  a p r o p e r  p e r s p e c t i v e  

As n o t e d  b y  Van A l l e n  (1963) t h e  measurements  by  Gr ingauz  

(1960) do not  n e c e s s a r i l y  i n d i c a t e  a t h i r d  r a d i a t i o n  be l t .  

They now can be r e a s o n a b l y  i n t e r p r e t e d  i n  terms of t h e  

n e u t r a l  s h e e t  i n  t h e  E a r t h ' s  magne t i c  t a i l .  

I n  F i g u r e  46 c o r r e l a t e d  p a r t i c l e  and  f i e l d  measurements  

per formed on IMP-I i n  t h e  E a r t h ' s  magne t i c  t a i l  are shown. 

P r e c i p i t i o u s  increases i n  p a r t i c l e  f l u x e s  are obse rved  

~ 

c o i n c i d e n t  w i t h  r a p i d  decreases i n  magne t i c  f i e l d  i n t e n s i t y .  

The i n t e r p r e t a t i o n  of t h e s e  t i m e  v a r i a t i o n s  is t h a t  t h e  

t o t a l  f l u x  of t h e  e l e c t r o n s  i n  the E a r t h ' s  t a i l  a t  t h i s  t i m e  
I 

l is s u f f i c i e n t l y  large t h a t  t h e  d i amagne t i c  moment of t h e  
I p a r t i c l e s  c a n c e l s  t h e  magnet ic  f i e l d  i n  t h e  E a r t h ' s  t a i l ,  

a t  least  l o c a l l y .  Thus t h e  E a r t h ' s  magne t i c  t a i l ,  a t  t i m e s ,  

may form a t h i r d  regime i n  c i s l u n a r  s p a c e  q u i t e  u n l i k e  t h a t  of  

t h e  i n t e r p l a n e t a r y  medium i n  which plasma e n e r g y  c o m p l e t e l y  

d o m i n a t e s  magnet ic  f i e l d  e n e r g y  n o r  t h e  r a d i a t i o n  be l t s  

i n  which t h e  r e v e r s e  s i t u a t i o n  is t r u e .  Rather t h e r e  is 

a n  i n t i m a t e  c o u p l i n g  of t h e  magnetosphere plasma a n d  f i e l d  

and  i n  which t h e  B v a l u e  is close t o  u n i t y .  

The p r i n c i p a l  problem related t o  t h e  t a i l  is whether  or 

n o t  i t  is t h e  s o u r c e  o f  a u r o r a l  p a r t i c l e s  which are 

accelerated from l o w  energ ies  t o  h i g h  e n e r g i e s  by  a mechanism 

a c t i n g  on ly  i n  the E a r t h ' s  t a i l .  N e s s  (1965b) has  p r e v i o u s l y  

s u g g e s t e d  t h a t  t h i s  mechanism may be r e l a t e d  t o  i n s t a b i l i t i e s  
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of the n e u t r a l  s h e e t  s i m i l a r  t o  w e l l  known s h e e t  p i n c h  

i n s t a b i l i t i e s  s t u d i e d  i n  the plasma f u s i o n  program 

( F u r t h  e t . a l .  ,1963). A schematic summary of t h e  geomagnet ic  

f i e l d  t o p o l o g y  and its i n t e r a c t i o n  w i t h  t h e  solar wind i n  

t h e  noon-midnight mer id i an  p l ane  is shown i n  F i g u r e  47. 

A s t r o n g  day-n igh t  asymmetry is i n d i c a t e d  i n  the t r a p p e d  

r a d i a t i o n  belts and  t h e  n e u t r a l  sheet is shown as i n c l u d i n g  

t h e  Earth-Sun l i n e .  A sample o r b i t  of IMP is shown i n  t h e  

E a r t h ' s  t a i l  t o  i l l u s t r a t e  t h e  r e g i o n  of space i n  which 

magne t i c  f i e l d  measurements were per formed which reveal the 

fo rma t ion  of t h i s  e x t e n d e d  magnet ic  t a i l  of t h e  E a r t h .  

Polar r e g i o n s  of t h e  E a r t h  are as  y e t  unmapped a t  great 

d i s t a n c e s .  The i n d e n t a t i o n s  shown on the boundary of t h e  

magnetosphere are associated w i t h  t h e o r e t i c a l l y  s u g g e s t e d  

n e u t r a l  p o i n t s  of t h e  Earth 's  magnet ic  f i e l d  i n  the  geomagnet ic  

c a v i t y  [Beard,  1964) .  

7 .0  Summary 

The c o n t i n u a l  f l u x  of s o l a r  plasma c o n f i n e s  the geo- 

magnet ic  f i e l d  t o  a r e g i o n  of s p a c e  s u r r o u n d i n g  the E a r t h  

b u t  e x t e n d i n g  on t h e  n i g h t  s i d e  t o  a d i s t a n c e  as y e t  un- 

known. I t  a p p e a r s  c e r t a i n  t h a t  the  E a r t h ' s  magnet ic  t a i l  

e x t e n d s  beyond t h e  o r b i t  of the Moon and  t h u s  t he  Moon 

must  t r a v e r s e  the  E a r t h ' s  magnet ic  t a i l  once  e v e r y  29.5 days .  

The p r e s e n c e  of the n e u t r a l  sheet i n  t h e  E a r t h t a  magnetic 

t a i l  i m p l i e s  a n  enhanced p a r t i c l e  f l u x  w i t h i n  it t o  b a l a n c e  

the f i e l d  p r e s s u r e .  
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I t  i s  p o s s i b l e  t h a t  t h e  E a r t h  can  be viewed as a 

magnetic comet if t h e  E a r t h  is c o n s i d e r e d  as  a n u c l e u s ,  

t h e  r a d i a t i o n  be l t s  as a coma and t h e  E a r t h ' s  magne t i c  

t a i l  as a cometary  t a i l  w i t h  c h a r a c t e r i s t i c  Type-I cometary  

t a i l  r a y s  r e p r e s e n t e d  by t h e  E a r t h ' s  n e u t r a l  s h e e t .  C e r t a i n  

a s p e c t s  of t h i s  a n a l o g  are c u r r e n t l y  b e i n g  i n v e s t i g a t e d  

and w i l l  be r e p o r t e d  upon i n  f u t u r e  p u b l i c a t i o n s .  At t h e  

p r e s e n t  t i m e  i n v e s t i g a t i o n  of t h e  E a r t h ' s  magnet ic  t a i l  

and its association w i t h  a u r o r a l  and  r a d i a t i o n  b e l t  phenomena 

p r e s e n t  d i s t i n c t  c h a l l e n g e s  t o  f u t h u r e  s p a c e  e x p e r i m e n t s  aod 

theo ry .  
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Figure 11. Auto c o r r e l a t i o n  of the d i r e c t i o n  of the interplanetary  
magnetic f i e l d  as observed by IMP-I. The d i r e c t i o n  of 
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according to  Figure 4. 
time series y i e l d s  a s i g n i f i c a n t  peak at approximately 
27 days.  (See t e x t ) .  
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RESULTS OF IMP4 MAGNETIC FIELD EXPERIMENT 
(11/27/63 TO 5/31/64) 

-- 

PROJECTION OF THE SOUTHERN HEMISPHERE MAGNETIC FIELD SOLICEXPERIMENTAL - 
TOPOLO6Y ON THE ECLIPTIC PLANE DISTANCES 1N EARTH RADII  

F i g u r e  40. 

I n t e r p r e t a t i o n  of t h e  IMP-I m a g n e t i c  f i e l d  measurements  o f  t h e  
e n v i r o n m e n t .  i n t e r p l a n e  
f i e l d ,  t h e  p o s i t i o n s  o f  t h e  magne tosphe re  boundary  a n d  t h e  col  
s h o c k  wave a s  o b s e r v e d  by  t h e  m a g n e t i c  f i e l d  e x p e r i m e n t .  The 
magnetic t a i l  is shown t o  be r o u g h l y  c y l i n d r i c a l  a b o u t  t h e  E a r  
a l t h o u g h  IMP-I d i d  n o t  p r o b e  t h e  s u n s e t  t e r m i n a t o r  p o r t i o n  o f  

I l l u s t r a t e d  are t h e  d i r e c t i o n s  of t h e  
c i s l u n a r  

t a r y  m a g n e t i c  
l i s i o n l e s s  
e x t e n d e d  
Ith-Sun l i n e  
t h e  boundary .  
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